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Adenoviruses of six subgenera, namely, adenovirus 31 (Ad31) (subgenus A), Ad3, Ad7, Ad11p, Ad11a, and Ad35 (subgenus
B), Ad5v and Ad5p (subgenus C), Ad37 (subgenus D), Ad4 (subgenus E), and Ad41 (subgenus F), were studied. The relative
binding properties of different adenoviruses to 293 (human kidney embryonic cells) and A549 (human lung carcinoma cells)
cells were compared by flow cytometry. All analyzed adenoviruses bound to cells in a dose-dependent manner. The binding
capacity showed that Ad11p, Ad35 (subgenus B:2) with kidney tropism, and Ad4 (subgenus E), which can cause adenopha-
ryngoconjunctivitis, bound strongly to both A549 and 293 cells. The other members of subgenus B and Ad37 of subgenus
D manifested an intermediate binding capacity. The analyzed adenoviruses of subgenera A, C, and F manifested a low affinity.
Adenoviruses of subgenera B:2 and E manifested high binding affinity to preparations of cell membranes from the epithelial
cell lines. Reciprocal competition experiments using Ad11p and Ad4 demonstrated that the two viruses did not block each
other. Antibodies against v3 and v5 reduced the binding of Ad5v virions and slightly impaired the binding of Ad4 but did
not affect Ad11p binding to the A549 cell surface. Recombinant fiber proteins of Ad11p and Ad35 reciprocally blocked the
binding of both viruses to the epithelial cells but they could not block Ad4. The hexon protein expression of Ad11p and Ad4
was 100 times more efficient than that of the Ad5 vector (pFG140), whereas the infectivity of Ad11p and Ad4 was 40- to
200-fold that of the commonly used Ad5v vector. Taken together, our findings demonstrate that Ad11p and Ad4 bind differentINTRODUCTION
Human adenoviruses are nonenveloped DNA viruses
with 12 fibers protruding from the vertices of the icosa-
hedral capsid. Fifty-one adenovirus serotypes have been
recognized (De Jong et al., 1999; Wadell et al., 1999). They
cause infections of the eye, the respiratory tract, the
heart, the kidney, the urinary tract, the intestinal tract, and
the genital tract. In immunocompromised patients, hep-
atitis and encephalitis may also be encountered (Hier-
holzer, 1992; Londergan and Walzak, 1994). The adeno-
virus fiber protein is a primary determinant of the virus
tropism by interacting with a specific cell surface recep-
tor. This property resides in the globular knob domains at
the tip of the fibers that are involved in the attachment to
the cellular receptor (Gall et al., 1996; Liebermann et al.,
1998; Louis et al., 1994).
Adenoviruses are attractive as vectors for gene ther-
apy. To date, gene transfer vectors have been based on
the closely related human adenovirus serotypes 2 and 5
of subgenus C. However, these two serotypes have been
reported to manifest limitations as vectors (Pickles et al.,
1998), with the coxsackievirus–adenovirus receptor© 2002 Elsevier Science (USA)
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30(CAR) distributed on some but not all human cell sur-
faces (Huang et al., 1996; Walters et al., 1999). Further-
more, immune responses to adenoviruses will shorten
the expression period of the adenovirus, since Ad2 or
Ad5 have naturally infected more than 50% of the adult
human population (Foy and Grayston, 1976). Conse-
quently, a search for alternative adenovirus vectors
based on less prevalent adenovirus serotypes that dis-
play high binding affinity and are independent of the CAR
should be initiated.
The A549 cell line is the most extensively used cell
line for adenovirus propagation and plaque titration (Gi-
ard et al., 1973; Smith et al., 1986), and 293 cells are used
as a package cell line for the production of nonreplica-
tive adenovirus vectors (Graham et al., 1977). We have
investigated the attachment of adenoviruses of six sub-
genera with different tropisms to epithelial cells, in order
to select adenoviruses with a high binding affinity as
candidate vectors through their natural binding charac-
teristics. The binding properties of adenovirus 31 (Ad31)
(subgenus A), Ad3 and Ad7 (subgenus B:1), Ad11 proto-
type (Ad11p), Ad11a, and Ad35 (subgenus B:2), Ad5 vec-
tor (Ad5v) and Ad5 prototype (Ad5p) (subgenus C), Ad37
(subgenus D), Ad4 (subgenus E), and Ad41 (subgenus F)
were evaluated using a fluorescence-activated cellreceptor molecules and that the fibers of these two viruses
is a requirement for subsequent internalization and efficac
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sorter (FACS) assay in which binding of biotinylated ad-
enovirus particles to cells was monitored with strepta-provid
ious ex
m on
vidin–fluorescein isothiocyanate (FITC). The results dem-
onstrated that adenoviruses with various tropisms man-
ifest very different binding capacity to A549 and 293
cells. To further confirm these results, we prepared cell
membranes of the two cell lines and analyzed the natural
virus-binding properties of membrane protein using a
virus overlay protein dot-blot assay (VOPBA). Adenovirus
11p and Ad35 manifested the highest binding capacity,
and a heterotypical inhibition between them, which was
mediated by the fiber protein, could be demonstrated.
The purified virions or recombinant fiber of Ad11p did not
compete with Ad4, or vice versa, which confirmed that
the fibers of these two serotypes recognize distinct cel-
lular receptors. Furthermore, the attachment of Ad11p
and Ad4 was demonstrated to be independent of the
interaction between arginine–glycine–aspartic acid
(RGD) motifs on the penton base and the 3 and the
5 integrins. The ability of Ad11p, Ad4, and Ad5v to
infect and express structural proteins was also investi-
gated by using 35S-labeled proteins and measuring the
production of infectious viruses in the two cell lines. The
results suggest that the fiber proteins from adenovirus
serotypes other than Ad5v may be more efficient in
binding and mediating infection of human epithelial cells.
RESULTS
Adenoviruses of six subgenera manifested different
binding affinities to A549 and 293 cells
A virus-binding assay was used to investigate the
nature of the cell surface components to which the 10
strains of adenovirus serotypes or genome types repre-
senting six subgenera attached. The two cell lines A549
and 293 were incubated at 4°C with various amounts of
biotinylated virions increasing from 0.5 to 10 g per
million cells corresponding to 1800 to 36,000 virus parti-
cles per cell and then incubated with streptavidin–FITC.
The amount of virus bound to the cell surfaces was
quantified by FACS analysis. All adenoviruses with dif-
ferent tropisms bound to epithelial cells in a dose-de-
pendent manner; however, the affinity apparently dif-
fered. Adenoviruses could be divided into three groups
according to type of attachment manifesting high, inter-
mediate, and low affinity for A549 and 293 cells.
Subgenus B:2 and E adenoviruses manifested a high
binding affinity to the cells. A mere 0.5–1.0 g of biotin-
ylated virions was required to label 50% of the A549 cells,
whereas 1.5–2.0 g of the same labeled virions was
required to label 50% of the 293 cells positive (Fig. 1).
Interestingly, subgenus C virus (either Ad5v or Ad5p),
which is currently the most commonly used adenovirus
for vector constructs, showed low binding capacity (Fig.
2). As much as 4.5 g of Ad5v was required, compared
with only 1–2.5 g of subgenus A (Ad31), D (Ad37), and
F (Ad41) analyzed adenoviruses, to label 50% of A549
cells (Figs. 1 and 4). Only 15% of the 293 cells tested
positive after incubation with 10 g of Ad31 and Ad5v
virions, and Ad31 and Ad5v therefore manifested a very
low binding affinity to 293 cells. Probably there are fewer
expressed receptors on the 293 cells than there are on
A549 cells. Subgenus B:1, D, and F adenoviruses, as well
as Ad11a (subgenus B:2), displayed moderate binding
affinity to 293 cells, since 4.5–10 g of these viruses was
required to label 50% of the cells. The binding affinity
varied significantly between adenoviruses of different
subgenera. In general, in the FACS assay, all analyzed
adenoviruses bound better to A549 cells than to 293
cells. Subgenus B:2 and E adenoviruses manifested 6
and 15 times higher affinity for A549 and 293 cells than
did Ad5v or Ad5p.
Comparison of the binding affinity of subgenus B
adenoviruses to A549 and 293 cells
The adenovirus fiber protein comprises three parts: a
short N-terminal tail, a shaft varying in length among
members of the six subgenera, and a globular C-terminal
knob. The conserved N-terminus contains the amino
acid sequence responsible for association with the pen-
ton base as well as the nuclear localization signal. The
shaft consists of 6–23 repeats of the 15-amino-acid motif.
The globular knob domain is responsible for interaction
with the host cell receptor. The fiber of subgenus B
adenoviruses displayed only 6 repeats, and DNA homol-
ogy of the fiber knob gene between the members of
subgenus B varied from 42 to 99.5%. The analysis of the
binding affinity to 293 and A549 cells indicated that the
subgenus B adenoviruses displayed a higher binding
affinity to epithelial cells than did subgenus A, C, and F
adenoviruses and about the same binding affinity as Ad4
(subgenus E). Among the subgenus B members, Ad3,
Ad7, and Ad11a displayed tropism for the respiratory
tract, whereas Ad11p and Ad35 manifested tropism for
the urinary tract. For Ad11p, Ad35, and Ad11a virions 0.2
to 0.5 g was needed to bind 50% of A549 cells, whereas
1.5–2.0 g of Ad3 and Ad7 virions was necessary to label
the A549 cells to the same extent. Adenovirus serotypes
belonging to subgenus B:2 were thus 3- to 10-fold more
efficient than B:1 adenoviruses in the A549 cell-binding
assay (Fig. 3). An amount of 1–1.5 g of subgenus B:2
adenoviruses was required to label 50% of 293 cells. At
least 3 g of Ad3, Ad7, and Ad11a virions was required to
reach the same amount of positive 293 cells. Conse-
quently, the Ad35 with a kidney tropism manifested a
higher affinity for epithelial cells than did the Ad7 with
respiratory tropisms (Figs. 3 and 4).
Adenoviruses vary in their binding affinity to cell
membrane preparations of the A549 and 293 cells, as
measured in a dot-blot assay
To confirm the findings related to biotinylated adeno-
viruses in the FACS assay, we determined the binding
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FIG. 1. Binding of virus particles of adenoviruses belonging to A549 and 293 cells was evaluated by using flow cytometric analysis. Aliquots of 106
cells were incubated with increasing levels of biotinylated adenoviruses and were processed as described under Materials and Methods. The
percentage of FITC-positive cells, that is, cells that bound to the virus minus the mean value of the background, is shown. The cell controls were
incubated with and without streptavidin–FITC prior to analysis by flow cytometry. The experiments were performed in triplicate.
FIG. 2. Binding capacity of Ad5v and Ad5p to A549 and 293 cells was evaluated by using flow cytometric analysis.
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affinity in a VOPBA. Cell membrane proteins were pre-
pared and applied in serial dilutions on nitrocellulose
filters in dot-blot equipment. Thereafter, Ad31, Ad11p,
Ad5v, Ad37, Ad4, and Ad41 virions were added. After
incubation, the filters were washed and rabbit antibodies
specific to each virion were added. Then, the filters were
incubated with the anti-rabbit IgG labeled by HRP (Da-
kopatts) diluted 1:3000. The immune dots on the filters
were visualized using the ECL reagents. To avoid the
differences of the first antibodies against six viruses,
each serum was pretitrated and the concentration ascer-
tained.
Adenoviruses of the six subgenera were exposed to
various cell membrane preparations. The nature of virus
binding to receptor proteins demonstrated that Ad11p
and Ad4 manifested a high binding affinity to both cell
membrane preparations. Adenovirus 37 displayed some-
what lower binding affinity than did Ad11p and Ad4, and
Ad41 binding to the membrane preparations showed an
even lower affinity. The binding of Ad5v and Ad31 to
these cell membrane preparations could hardly be de-
tected in a dot-blot assay (Fig. 5). These results corre-
lated with the previously obtained FACS results. Both
Ad11p and Ad4 virions therefore manifested high binding
affinity to membrane preparations from A549 and 293
cells. Thus, Ad11p and Ad4 virions display high binding
capacity to 293 and A549 cells in a dose-dependent
manner, suggesting that these virus receptors are more
abundant than are the receptors for Ad31, Ad5v, and
Ad41. The dot-blot results correlated with those of the
FACS analysis.
Antibodies specific to 3 and 5 could not block
the attachment of Ad11p virions to A549 cells
The commonly used Ad5 vector enters cells via two
steps. The RGD-mediated binding of the penton base
followed the initial fiber binding to the CAR to 3 or
5 integrins (Nemerow et al., 1994). We used poly-
clonal antibodies against 3 and 5 integrins
(Chemicon International Inc., Temecula, CA) to block the
integrins and explore whether the adenoviruses with a
high binding affinity to A549 and 293 cell also manifested
the RGD binding to 3 and 5 integrins. In order to
label 50% of cells 0.5 g of Ad4 and Ad11p and 3 g of
Ad5v were used. The binding capacity of Ad5v was
clearly reduced when the 1:80 dilution of 3 and 5
antibody was applied in the blocking experiments. The
binding of Ad5v to A549 cells was reduced from 50 to
15% positive cells. After incubation with a fourfold
amount of integrin-specific antibodies, only 5% of A549
cells could be demonstrated to have been labeled by
FIG. 3. Attachment of subgenus B adenoviruses Ad3, Ad7, Ad11p, Ad11a, and Ad35 binding to A549 and 293 cells. To determine the level of
nonspecific binding, negative control cells with and without streptavidin–FITC were prepared prior to the FACS analysis. The data represent the mean
of three to five experiments minus the mean value of the background, with the standard deviation being equivalent to 5–15% of the mean value.
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Ad5v virions. In contrast to Ad5v, the binding of the
Ad11p virion to cells could not be blocked at all, not even
at the highest concentration of the antibody (i.e., a dilu-
tion of 1:20). The results indicate that the high binding
affinity of Ad11p and Ad4 was independent of the inter-
action between the penton base and 3 and 5 on
the cell membrane (Fig. 6); however, this interaction
could still be relevant during the internalization of virions
(Wickham et al., 1993).
The two adenoviruses Ad11p and Ad4 that
manifested high binding capacity to epithelial cells
did not display heterotypical blocking
Adenoviruses 11p and 4, which displayed a high bind-
ing affinity and belong to two different subgenera, with
kidney or adenopharyngoconjunctivitis tropisms, were
selected to perform reciprocal competition experiments
in order to characterize the specific binding observed in
this FACS assay. An amount of 9 or 27 g of unbiotiny-
lated Ad11p virions was used to compete with biotinyl-
ated Ad11p virions in concentrations ranging from 0.5 to
3.0 g. The ratio of labeled to unlabeled virions varied
from 1:3 to 1:9. A dose-dependent homotypical competi-
tion for binding sites on A549 cells was observed, where
9 g of unlabeled virus competed with 3 g of biotinyl-
ated Ad11p, and the proportion of cells bound by Ad11p
was reduced from 90 to 40%. However, the Ad11p virions
could not inhibit Ad4 to any detectable extent. Further-
more, 27 g of unlabeled Ad11p virions manifested ho-
mologous blocking activity from 95 to 10% of virus-bind-
ing cells; however, this large amount of unlabeled Ad11p
virions could not block Ad4 virion binding to cells, not
even at a lower amount (0.5 g) of biotinylated Ad4.
Consequently, a 54-fold amount of Ad11p did not affect
the binding of Ad4 to these cells.
Furthermore, a reciprocal competition experiment was
performed in which 9 g of unlabeled Ad4 virions re-
duced the proportion of cells labeled by Ad4 from 90 to
25%, but did not reduce the binding of labeled Ad11p
virions at all. When the amount of unlabeled Ad4 virions
was increased to 27 g, the homologous attachment
was blocked from 90 to 18% positive cells. The same
FIG. 4. Adenovirus-binding properties of A549 cells. One million A549 cells were tested for their ability to bind 1 g of the biotinylated adenoviruses
representing different tropisms. Detection of virus binding was carried out with streptavidin–FITC. Control samples were incubated without virions.
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amount of Ad4 virions did, however, not affect Ad11p
binding to the cells. The results confirmed that these two
viruses do not share the same receptors (Fig. 7).
Recombinant fibers of Ad11p can block the binding of
Ad11p but cannot block the binding of Ad4 virions to
A549 cells
The two viruses Ad4 and Ad11p bound avidly to the
host cell surface albeit through different host cell recep-
tors. These results were also supported by recombinant
fiber-blocking experiments. The A549 cells were incu-
bated with various concentrations of purified Ad11p re-
combinant fiber protein (rfiber); thereafter, 3 g of either
Ad11p or Ad4 virions was added. The binding of the
Ad11p virion was blocked down to 30% of positive cells,
whereas the attachment of Ad4 was not affected by the
presence of Ad11p rfibers. With an amount of 104 mole-
cules of Ad11p rfiber per cell (0.1 g/million cells), a
homologous blockade was apparently seen: however,
even after increasing the Ad11p rfiber molecules to 16 
104 per cell, a heterologous blockade of Ad4 was not
detectable (1.6 g/million cells) (Fig. 8).
The rfibers of Ad11p and Ad35 can block the binding
of both homologous and heterologous virions to A549
cells
Previously, we had demonstrated that Ad11p virions
could efficiently inhibit the binding of the Ad35 to A549
cells (Mei et al., 1998). Here, we found that the two
viruses manifested similar kinetics in the virus attaching
to cells and both present a very high affinity to A549 and
FIG. 5. Adenoviruses of various tropisms differ in their binding capacity to cell membrane preparation, as assayed by a dot-blot protein-binding
assay. Various amounts of A549 and 293 cell membrane preparations were loaded onto nitrocellulose membrane, as described under Materials and
Methods. Each strip of the membrane was incubated with 50 g of virions and kept at RT for 2 h. After the strips were washed, rabbit antibodies
specific to each virion were added. Subsequently, the strips were incubated with anti-rabbit antibody labeled with HRP. The dot-blot assay confirmed
that Ad11p and Ad4 manifest a high binding affinity, while Ad37 revealed a moderate binding affinity to both cell membrane preparations.
FIG. 6. Experiments of v3 and v5 antibodies blocking virus
binding to A549 cells. The indicated dilutions of v3 and v5 poly-
clonal antibodies were incubated with cells on ice for 30 min and then
incubated with biotinylated Ad11p, Ad4, and Ad5v virions, at a concen-
tration that corresponds to 50% adenovirus-positive A549 cells, as
assessed by FACS assay.
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293 cells. To further investigate whether these two vi-
ruses share the same receptor, cross-competition exper-
iments were performed using the two rfibers. The results
showed that the Ad11p rfiber (HF1-1) as well as the Ad35
rfiber (HF4-3) can block both viruses to almost the same
extent. There was a moderate difference in that the Ad35
rfiber inhibited the attachment of Ad11p to A549 cells to
result in 50% positive cells (Fig. 9). Homologous block-
ing by the Ad35 virion was more efficient than the het-
erologous blocking of Ad11p. Consequently, the results
suggest that these two viruses share the same receptor
molecules.
The infectious capacity of the Ad11p and Ad4 virions
is 100 times that of Ad5v
To ascertain whether the differences in binding affinity
correlate with differences in viral protein expression,
A549 and 293 cells were infected with Ad11p and Ad4, at
a concentration of 7000 particles/cell, and Ad5v, at an
additional concentration of 100 times (i.e., 700,000 parti-
cles/cell) that for Ad4, Ad11p, and Ad5p pulsed with
35S-labeled methionine and cysteine 20 h postinfection
(p.i.). A549 and 293 cells were labeled “cell controls” to
distinguish the cellular protein from viral proteins. Puri-
fied Ad11p virion proteins served as controls.
In the Ad4- and Ad11p-infected cells, 9 and 10 viral
proteins, respectively, were detected using sodium do-
decyl sulfate–polyacrylamide gel electrophoresis (SDS–
PAGE) on a 12% gel that had been exposed to autora-
diography for 24 h. The viral structural protein of Ad11p
and Ad4 was more efficiently expressed than was that of
Ad5v in A549 and 293 cells. The bands corresponding to
the Ad11p and Ad4 hexon in A549 cells were much
stronger than the Ad5v hexon band. The 100-fold con-
centration (m.o.i.) of Ad5v used to infect the cells still
resulted in a low level of expression of Ad5v hexons.
Similar numbers of structural proteins of Ad11p and Ad4
were produced in both 293 and A549 cells. By contrast,
Ad5v hexons were less efficiently expressed in A549
cells than in 293 cells (Fig. 10). Clearly, the hexons of the
FIG. 7. Reciprocal competition experiments between Ad4 and Ad11p with and without biotinylation. (A and B) Six concentrations, 0.5, 1, 1.5, 2, 2.5,
and 3 g, of labeled Ad4 virions were used in the experiments. Binding was challenged by 9 or 27 g unbiotinylated Ad11p or Ad4 virions. (C and
D) Biotinylated Ad11p virions were blocked with the same preparations of the unbiotinylated Ad4 and Ad11p virions as above. The mean value of three
separate experiments is illustrated.
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Ad5v vector strain (pFG140) were expressed at higher
levels in 293 cells—the E1-complementing cells—than
in A549 cells. Recently, Weaver and Kadan (2000) re-
ported that in A549 cells inoculation of a 250-fold higher
PFU of the E1 deleted Ad5v vector (AvlnBg) was required
to achieve the same level of hexon expression as was
obtained in 293 cells. The Ad5v vector (pFG140) con-
tained an insertion of an ampicillin-resistance gene and
bacterial origin in the E1 region and deletion in the E3
region that could affect the protein expression in A549
cells.
Comparison of the efficacy of the Ad11p, Ad4, Ad5v,
and Ad5p infection in A549 and 293 cells
To elucidate the observed difference in expression
between the studied adenoviruses, it was vital to deter-
mine their relative efficacy of infection expressed as the
ratio of infectious to physical virus particles. The infec-
tion efficiency of Ad11p, Ad4, Ad5v, and Ad5p may differ
between virus strains and cell lines. The ratios of infec-
tious to physical virus particles were determined after
the propagation in both A549 and 293 cells (Table 1).
With the same amount of inoculation, the infectivity of
Ad11p and Ad4 was slightly higher in 293 cells than in
A549 cells. As previously mentioned, the infectivity effi-
ciency of Ad5v was found to be considerably lower in
A549 cells than in 293 cells, and the ratio of infectious to
physical particles was 1:15,229 and 1:2259, respectively.
A comparison between the Ad5v and the Ad5p strain
revealed that the ratio of infectious to physical particles
of Ad5p was much lower: 1:23 in the A549 cells and 1:15
to 1:23 in the 293 cells. Therefore, the design of the
vector construction could contribute to an inefficient in-
fectious capacity. Wild-type Ad5 and dl309 showed
higher infectious capacity than other constructions
(Torres et al., 1996).
DISCUSSION
Genome types and serotypes of human adenoviruses
manifest specific tissue tropisms and capacity to infect
different cell lines. A549 and 293 cells have been dem-
onstrated to be most useful as cells for adenovirus rep-
lication. However, only subgenus C adenoviruses, Ad2
and Ad5, have been used as vectors for gene transfer. In
the literature, the CAR has served as the fiber attachment
receptor for both Ad2 and Ad5 (Bergelson et al., 1997;
Philipson et al., 1968; Tomko et al., 1997). Furthermore,
fiberless virus particles have been found to manifest
significantly reduced infectivity, indicating the impor-
tance of a high-binding-affinity fiber to the host cells to
initiate an infection (Legrand et al., 1999). Besides its role
in cell tropisms, the fiber protein may have additional
biological functions, and it may also be involved in cell
entry, intracellular trafficking, and virus maturation and
FIG. 9. Reciprocal blocking of virion attachment mediated by Ad11p
and Ad35 recombinant fibers. Two rfibers of Ad11p and Ad35 ex-
pressed from E. coli were purified and loaded onto the A549 cells. After
a 30-min incubation period at 4°C, labeled virions were added. The
cells bound by labeled virions were quantified by FACS assay. (A) The
two rfibers can block the attachment of Ad35 virions to A549 cells to a
similar extent. (B) The two rfibers also blocked the binding of Ad11p
virions to A549 cells.
FIG. 8. Homologous and heterologous blocking of the Ad4 and
Ad11p virions with an Ad11p rfiber. The rfiber protein of Ad11p was
expressed in Escherichia coli, as previously described (Mei and Wad-
dell, 1996). The expressed proteins were retrieved as inclusion bodies.
After denaturation and renaturation, the rfiber protein was purified by
using a His-Bind kit (Novagen, Inc., Madison, WI). The concentration of
rfibers was measured by using the Bio-Rad protein assay kit (Rich-
mond, CA). One million A549 cells were incubated with various
amounts of Ad11p rfiber (HF1-1) for 30 min at 4°C. Then, 3 g of
biotinylated Ad11p or Ad4 virions (1010 virus particles) was added and
incubated for another 30 min at the same temperature. Thereafter, the
steps were as described for the binding experiments. The Ad11p rfibers
effectively blocked the binding of Ad11p virions but did not affect the
attachment of Ad4 virions. By increasing the concentrations of Ad11p
rfibers, the bound fraction of Ad11p virions could be further reduced.
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assembly (Defer et al., 1990; Miyazawa et al., 1999).
Alternative adenovirus vector candidates to the com-
monly used Ad2 and Ad5 should preferably be more
efficiently internalized and expressed in target cells and
packing cell lines. Furthermore they should be less prev-
alent in the human population. In this study, we investi-
gated adenovirus binding and replication and found
Ad11p and Ad35, and Ad4, of subgenera B:2 and E,
respectively, to manifest high binding efficiency to A549
and 293 cells of epithelial origin.
The FACS experiments as well as viral overlay protein
experiments on purified plasma membrane protein dem-
onstrated markedly different binding of adenoviruses of
each subgenus to A549 and 293 cells. Ad11p and Ad35
showed a particularly high affinity for A549 and 293 cells.
Interestingly, these two viruses were isolated from urine
of bone marrow transplant patients and both can cause
hemorrhagic cystitis. They can aggregate vervet or Afri-
can green monkey (Cercopithecus aethiops) and rhesus
monkey (Macaca mulatta) blood cells (Hierholzer, 1973).
Previously, we demonstrated a reciprocal blocking of the
binding of Ad11p and Ad35 virions to A549 cells (Mei et
al., 1998). In this study, we used recombinant Ad11p and
Ad35 fibers that were capable of trimerization, cell bind-
ing, and hemagglutination (Mei and Wadell, 1996). These
recombinant fibers could reciprocally compete in the
attachment of Ad11p and Ad35 virions to A549 cells. This
result demonstrated that the two viruses bind the same
receptor molecules and that virus attachment is specific.
The CAR-binding site in the Ad12 knob was defined and
localized mainly at the amino acid residues Asp415,
Pro417, Pro418, and Leu426 of the AB loop (Bewley et al.,
1999). Although the corresponding amino acids’ posi-
tions in the Ad35 fiber—a non-CAR-binding adenovirus
(Bergelson et al., 1997)—showed that 50% were con-
served, the conformation of the AB loop in subgenus B
adenoviruses could determine that they did not evolve a
CAR-binding site. The analysis of the structure of Ad3
fiber head recently suggested that the CD, EG, and part
of the AB loop could be important elements for interac-
tion with an unknown host cell receptor (Durmort et al.,
2001). Furthermore, the three-dimensional structure of
the subgenus B fiber knobs could not be predicted by
using the available structure of the Ad5 fiber knob. Con-
sequently, it was suggested that the fibers of Ad11p and
Ad35 may interact with an unknown subgenus B:2 re-
ceptor.
The high binding efficiency of the Ad11p virion to the
two epithelial cell lines did not involve the interaction
between RGD and integrins, since 3 and 5 anti-
bodies did not seem to affect Ad11p binding. This result
does not rule out the possibility that Ad11p could be
integrin-dependent for internalization, since a sequence
analysis of the penton base of Ad11p showed the RGD
sequence. However, there is a possibility for Ad11p to
internalize via a nonintegrin RGD adhesion protein into
hematopoietic cells that contain a very small amount
(less than 2%) of integrin on the cell membrane (Huang et
al., 1995, 1996; Neering et al., 1996).
The absence of competition in reciprocal competition
experiments between unlabeled Ad11p and labeled Ad4,
or between labeled Ad11p and unlabeled Ad4, provides
TABLE 1
The Ratio of Adenovirus Infectious Particles to Physical Particles
on 293 and A549 Cells
Adenovirus
Ratio of IP to PP
on 293 cells
Ratio of IP to PP
on A549 cells
Ad11p virion 1/28 1/71
Ad4 virion 1/54 1/71
Ad5v virion (pFG140) 1/2259 1/15,229
Ad5p virion 1/15–1/23 1/23
Note. IP, infectious particles. PP, physical particles. The number of
physical particles of inoculum was determined by protein assay as-
suming that the mass of one OD260–330 nm was equal to 10
12 virus particles
as well as to 280 g. Cell monolayers were infected with serial
dilutions of adenovirus inoculum of known virion concentration.
FIG. 10. Analysis of viral protein expression in A549 and 293 cells by
SDS–PAGE and autoradiography. Subconfluent monolayer cells in a
25-cm2 bottle were infected with Ad11p, Ad4, Ad5v, and Ad5p labeled
with [35S]methionine/cysteine at 20 h postinfection. Equal amounts of
cell lysates harvested from each infection and the noninfection control
were separated on a 12% gel and autoradiogram. Purified Ad11p virion
polypeptides were indicated as apparent molecular weight (Wadell,
1979). Protein II, indicated by an arrow, indicates the hexon protein
which differed in apparent size for each virus, viz. 120 kDa for Ad11p,
125 kDa for Ad4, and 110 kDa for Ad5p. A concentration 100 times that
of Ad4 and Ad11p was used for the Ad5v virion to compare the effect
on the viral protein expression lysates of isotope-labeled uninfected
cells and distinguish between cellular bands and viral polypeptides.
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evidence for the existence of at least two distinct fiber
receptors: one is the subgenus B:2 receptor for Ad11p,
and the other is the subgenus E receptor for Ad4. This is
consistent with our blocking results obtained by using
the Ad11p rfiber and Ad4 virion for A549 cell binding.
These two viruses manifested a very high binding affinity
but did not block each other to any extent. A low degree
of amino acid sequence homology (25%) of the fiber knob
between Ad11p and Ad4 was also consistent with the
recognition of different cell surface receptors. Although
Roelvink et al. (1998) suggest that Ad4, the only serotype
of subgenus E, could bind to the CAR as Ad5, there is no
document demonstrating that Ad4 only binds to CAR as
a primary receptor. The contact residues of the CAR-
binding site within the Ad5 fiber knob were recently
identified. Changes in any of the four amino acids
Ser408, Pro409, Tyr477, and Leu485 resulted in a de-
crease in the interaction between the CAR and the Ad5
fiber. In addition, a change in Ala406, Arg412, or Arg481
impaired the binding affinity of the adenovirus (Bewley et
al., 1999; Kirby et al., 2000). A comparison between Ad4
and Ad5 of the key amino acid residues involved in the
interaction with the CAR revealed that Ser408, Pro409,
and Tyr477 remained unchanged and that Leu485 in Ad5
was changed to Ser334 in Ad4, whereas the three amino
acids that were required for optimal affinity of Ad5 to the
CAR are completely different in Ad5 and Ad4. Thus,
Asp254, Gln260, and Lys330 in Ad4 replaced Ala406,
Arg412, and Arg481 in Ad5. Interestingly, the Gln260 and
Lys330 residues in the Ad4 fiber are identical to the
corresponding amino acids in the subgenus B:2 adeno-
virus fibers. Furthermore, Ad4 manifested a higher bind-
ing affinity for epithelial cells than did Ad5v. The fiber of
Ad4 can, but the Ad5v fiber cannot, attach to committed
hematopoietic cells (i.e., B and T cells) (Segerman et al.,
2000). In addition, the attachment of Ad4 virions to cell
surfaces is exclusively dependent on the fiber receptor,
but obviously not on the interaction between the RGD
motif and the integrins. The binding of Ad5v virions to
A549 cells to a certain degree involves the interaction
between the RGD on the penton base and the 3 and
5 integrins on the cell surface. The adhesion of RGD
to the integrins was responsible for at least 20% of the
binding capacity of Ad5v to A549 cells, whereas less
than 5% of Ad4-binding capacity could rely on the inter-
action between the RGD motif and the integrins. How-
ever, the RGD sequence exists on the penton base of
Ad4 (Albinsson and Kidd, 1999) and an interaction be-
tween the soluble 5 integrin and the Ad4 virion could
be demonstrated. The interaction between the RGD se-
quence and the integrin should be expected to be rele-
vant during the internalization process (Goldman and
Wilson, 1995; Mathias et al., 1994, 1998). Therefore, the
fiber of Ad4 plays a dominant role in the virus binding to
host cell receptors.
Adenovirus fibers bind to cellular receptors initiating
infection. An alteration within the fiber knobs can change
its natural tropism, exchanging fiber genes between sub-
genera B and C (Gall et al., 1996; Stevenson et al., 1995,
1997), or inserting polylysine (Wickham et al., 1996b),
RGD (Dmitriev et al., 1998), or FC fragment (Douglas et
al., 1996; Wickham et al., 1996a) binding motifs into the
fiber knob; the manifested chimeric virus retargets the
cell surface. However, a new tropism created by an
engineered virus can hardly be expected to be stably
maintained to the extent that natural selection has pro-
vided. For this reason, we screened 10 adenoviruses of
subgenus A to F, and with different tropisms, for their
natural binding properties to A549 and 293 cells and
demonstrated that subgenus B:2 and E adenoviruses
manifested high binding and infectious capacity, with the
members of the subgenera B:1, D, F, A, and C following in
a decreasing order of efficiency. Interestingly, the Ad11p
and Ad4 fibers are composed of 325 and 426 amino acid
residues, respectively, with 6 or 12 repeat motifs making
up their shaft, whereas the Ad2 and Ad5 fiber shafts
contain 22 repeat motifs. The fiber knob with long shafts
appears to more efficiently resist a charge-dependent
repulsion between the virus capsid and the acidic cell
surface proteins, compared with identical fiber knobs
with short shafts (Shayakhmetov and Lieber, 2000). The
isoelectric points (pI) at the fiber knob of Ad35, Ad11p,
and Ad4 are lower (4.5 for Ad35, 5.26 for Ad11p, and 5.8
for Ad4) than that of Ad5, which is 6.25 (Mei and Wadell,
1995). Therefore, the charge, the amino acid property,
and the conformation of the fiber knobs of Ad11p and
Ad4 could affect the attachment of the virus to the host
cells. Amino acid homology of the fiber knob of Ad4 with
Ad2 and Ad5, respectively, is 64 and 50.9%, whereas
amino acid homology between Ad11p and Ad4 is only
25% by the clustal method in the program MEGALIGN of
the Lasergene 99 software package (DNASTAR, Madi-
son, WI). Ad11p, Ad35, and Ad4 should be considered as
alternate adenovirus vectors due to the high binding
affinity for the target cells.
The adenovirus capsid is composed of 720 hexon
peptides. In Ad2 and Ad5, each hexon peptide contains
16 glutamic acids and 12 aspartic acids in their hyper-
variable region 1 (HVR1) that are not detected in other
human adenoviruses (Crawford-Miksza and Schnurr,
1996). This means that an additional 11,520 or 8640
negatively charged amino acids are exposed on the
capsid surface. The acidic glycocalyx could serve as a
repulsive barrier face, so that the fiber of Ad5 does not
reach the CAR. This hypothesis has been supported by a
recent publication (Pickles et al., 2000), in which gene
transfer to apical epithelial cells was shown to increase
efficiency after removal of glucocalyx, including glyco-
proteins, glycolipids, and proteoglycans.
The results of gene transduction experiments by Fre-
imuth (1996) suggest that the efficiency of transduction
relies on the expression of virus receptor-binding sites.
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Fiberless Ad5 particles produce extremely low numbers
of virions (Legrand et al., 1999; Von Seggern et al., 1999).
Obviously, viral gene products other than the fiber will be
of importance for viral expression in different cell lines.
Stevenson et al. (1997) reported that the exchange of the
fiber between Ad3 and Ad5 can completely change the
binding specificity of the virus but does not affect sub-
sequent steps, such as viral synthesis and assembly, to
complete infectious viral particles. In the present study,
the binding properties of adenoviruses and their ability to
infect and replicate were compared in the A549 and 293
epithelial cell lines, as observed in [35S]methionine/cys-
teine-labeling experiments and the measurement of
physical and infectious particles. 35S-labeling experi-
ments indicated that both A549 and 293 cells could
produce large amounts of Ad11p and Ad4 structural
polypeptides but that they yield very limited Ad5v viral
proteins after infection with the same number of physical
particles. Even after the Ad5v infectious dose was in-
creased 100-fold, the Ad5v structural proteins were still
expressed at a much lower level than those of Ad11p and
Ad4. The ratio of infectious to physical particles was
similar for Ad11p and Ad4 but the infectious efficacy was
40–200 times lower for Ad5v. These results do not indi-
cate that adenovirus 5 is inefficient as gene transfer
vector. Ad5v and Ad5p both manifested a low binding
affinity but Ad5v was at least 100-fold less infectious than
Ad5p in A549 and 293 cells.
The use of Ad5 as gene therapy vector for application
in patients has previously resulted in a tragedy (Mar-
shall, 1999). The reason for the failure was a lower gene
transfer efficiency and high vector dose. Our results
indicate that Ad11p and Ad4 would be better gene trans-
fer vectors to 293 and A549 cells, and they could be used
at lower titers. By application of lower vector doses, in
vivo immune responses may be attenuated and direct
cellular toxicity could be reduced. Therefore, the candi-
date adenovirus vector strains Ad11p and Ad4 are ex-
pected to be applied in human gene therapy for epithelial
cells, as well as those human cells that lack the CAR
(Huang et al., 1996; Walters et al., 1999).
MATERIALS AND METHODS
Virus strains, virus titration, and cell line
Eleven human adenovirus serotypes or genome types
representing six subgenera were selected. The genome
types of adenoviruses were defined according to Wadell
et al. (1980, 1999). The adenovirus stock was cultured
from A549 cells and the virus strains, genome type, and
characteristic symptoms are presented in Table 2. The
infectivity of Ad11p, Ad4, Ad5v, and Ad5p was measured
by titration in a cell culture tube (300,000 cells/tube), in
which A549 and 293 cells were seeded. The concentra-
tion of the purified biotinylated or isotope-labeled virion
was determined by subtracting for the absorbance at 260
nm by the absorbance at 330 nm (Greber et al., 1999).
Hence, 1012 virion particles equal one OD260–330 nm. The
input of physical particles equals the total number of
infectious and noninfectious virus particles. A549 cells
from a human oat-cell carcinoma of the lung and 293
cells of low passage (30–35 passages) from human em-
bryo kidney cells (Microbix Biosystems Inc., Toronto,
Ontario, Canada) were used in the virus-binding experi-
ments. The two cell lines were cultured in Dulbecco’s
minimal essential medium (DMEM) (Gibco BRL, Gaith-
ersburg, MD) supplemented with 5 and 10% fetal calf
serum (FCS), respectively.
Virus labeling
The virus labeling procedure was carried out accord-
ing to the procedure described in Inghirami et al. (1988),
with some modifications. First, the purified virions were
desalted on a NAP-10 column (Pharmacia, Uppsala,
Sweden) equilibrated with the labeling buffer. Second, 2
TABLE 2
Human Adenovirus Isolates and Tropisms
Subgenus Serotype Strain Genome type Source Tropism or symptoms
A Ad31 1315/63 Ad31 Stool Cryptic enteric infection
B:1 Ad3 GB Ad3p* Nasal washing Respiratory disease
Ad7 Gomen Ad7p Throat washing Respiratory disease
B:2 Ad11 Slobitski Ad11p* Stool Persistent infections of the kidney
Ad11 BC34 Ad11a Throat swab Respiratory disease
Ad35 S-761 Ad35p Urine Persistent infections of the kidney
C Ad5 pFG140 UDa Adenoid Respiratory disease persists in lymphoid tissue
Ad5 Ad75 Ad5p Adenoid Hypertrophied tonsils and adenoids
D Ad37 GW Ad37 Eye Keratoconjunctivitis
E Ad4 RI-67 Ad4p Throat washing Adenopharyngoconjunctivitis
F Ad41 Tak Ad41tak Stool Infantile diarrhea
Note. Ad3p*, prototype of adenovirus serotype 3. Ad5, pFG140 was also denoted Ad5v in this paper. Ad11p*, prototype of adenovirus serotype 11.
a UD, undetermined.
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mM MgCl2 was added to the labeling buffer containing
50 mM NaHCO3 and 135 mM NaCl, pH 8.8. Third, free
biotin was removed by further desalting with the NAP-10
column in phosphate-buffered saline (PBS). The concen-
tration of biotinylated virions was determined by spec-
trophotometry. The virions were aliquoted in small vol-
umes (50–100 g/vial) and kept at 70°C until use.
Evaluating the infection in A549 cells and comparing the
infectious titer of biotinylated and nonbiotinylated virions
ascertained the biological integrity of the virions. When
the biotinylated virions showed at least 50% infectivity of
the controls, the labeled virions could be used in the
binding experiments.
Binding experiments
For each binding experiment, 106 cells were used. The
cells were incubated with different concentrations rang-
ing from 0.5 to 10 g of biotinylated adenovirions. The
cells were washed with PBS buffer containing 2% inac-
tivated FCS and 0.1% NaN3 (PBS–FCS–NaN3) pelleted by
centrifugation at 800 rpm, followed by the addition of
streptavidin–FITC in PBS–FCS–NaN3 diluted 1:100, and
mixed at 4°C for 30 min. The cells were rewashed, as
described above; however, the buffer now also contained
1 g/ml propidium iodide. The amount of virus bound to
the cell surface was quantified by FACS analysis using
the LYSYS (Becton Dickinson) software program.
Blocking of the virus binding by integrin antibodies
Rabbit anti-human vitronectin receptor (v3 and
v5) polyclonal antibodies (Chemicon International
Inc.) diluted 1:20, 1:40, and 1:80 were added to 106 cells
and incubated at 4°C for 1 h. The concentrations of
biotinylated virions at which 50% of the A549 cells scored
positive were used in the integrin-blocking experiments.
The biotinylated Ad5v, Ad11p, and Ad4 virions were
mixed with the cells at 4°C for 1 h. After incubation with
streptavidin–FITC, the cells were washed and analyzed
in a FACScan.
Cell membrane preparation
The A549 and 293 cells were subconfluent 24 h after
passage, at which point they were washed with PBS and
1 mM ethylenediaminetetraacetic acid (EDTA) (cold), and
once with PBS, 1 mM phenylmethylsulfonylfluoride
(PMSF), and 1 mM EDTA (cold). Thereafter, the cell
monolayer (1  107 per flask) was scraped from the
175-cm2 flask with a cell scraper and centrifuged at 800
rpm for 5 min. The cell pellet was resuspended in 20 mM
Tris buffer, pH 7.4, supplemented with 1 mM KCl, 2 mM
MgCl2, 1 mM PMSF, 1 mM N-ethylmaleimide, 5 mM
EDTA, and 10 g/ml aprotinin. The cell suspension was
incubated on ice for 30 min. Swollen cells were disrupted
with a glass Dounce homogenizer and sucrose was
added to a final concentration of 0.25 M. Nuclei and cell
debris were removed by centrifugation for 15 min at 1000
g at 4°C. The supernatant was further purified by cen-
trifugation for 20 min at 10,000 g at 4°C followed by
high-speed centrifugation for 45 min at 257,000 g at 4°C.
The pellet was solubilized in water containing proteinase
inhibitors, as above, and kept at 20°C. Protein concen-
tration was determined by using a Bio-Rad Protein Assay
kit (Hercules, CA) with bovine serum albumin (BSA) as
standard control.
Antibody
The rabbit hyperimmune antivirion sera against Ad11p,
Ad5, Ad37, Ad4, and Ad41 were prepared as described in
Wadell (1972). The Ad31 antiserum was provided by the
Swedish Institute for Infectious Disease Control, Stock-
holm, Sweden, and prepared in the same way as above
(Wadell, 1972). Rabbit IgG was purified by using immu-
nomagnetic Dynabeads M280 (Dynal A. S., Oslo, Nor-
way) coated with mouse monoclonal antibody against
rabbit IgG. The purified IgG antibodies were directly
evaluated by dot-blot assay. Serial dilutions of antibodies
were loaded onto a nitrocellulose membrane. After being
washed, the filters were incubated with swine anti-rabbit
IgG horseradish peroxidase (HRP) antibody diluted
1:3000 at room temperature (RT) for 1 h. Nonspecific
reacting antibodies were removed by several washes;
thereafter, the filters were visualized by using ECL re-
agent (Amersham Pharmacia Biotech Inc., Piscataway,
NJ).
Dot-blot protein-binding assay
Dilutions of 293 and A549 cell membrane preparations
containing 10% n-octylglucoside (Krah, 1989) in PBS were
applied onto an ECL-nitrocellulose membrane using a
dot-blot apparatus (Schleicher & Schuell, Inc., Keene,
NH). The membranes were incubated in 5% fat-free milk
for 1 h, washed, exposed to 50 g of each virion prep-
aration, and incubated for 2 h at RT. After being washed,
the membranes were incubated with virion-specific rab-
bit antibody diluted 1:20 at RT for 1 h. The viral antibodies
were purified with magnetic beads (Dynal A.S.) and the
titer of each antibody was determined in a direct dot-blot
assay. Again, the membrane was washed and incubated
with a 1:3000 dilution of HRP-labeled swine anti-rabbit
IgG (Dakopatts, Glostrup, Denmark) for 1 h at RT. The
nitrocellulose membrane was washed, as described
above. Visualization of the membrane was performed
with an equal volume of the two ECL reagents for 1 min
and exposed for 1–10 min.
Competition experiments
Reciprocal competition experiments were performed
between virions of Ad11p and Ad4. One million A549
cells in each well were incubated at 4°C for 30 min with
different doses of unbiotinylated Ad11p or Ad4 or with no
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virus as control. Aliquots of biotinylated Ad11p and Ad4,
respectively, were added to the cells in each group and
further incubated for 30 min at 4°C. The cells were then
washed and incubated at 4°C for 30 min with strepta-
vidin–FITC, and the percentage of FITC-positive cells
with bound biotinylated Ad11p or Ad4 virions was quan-
tified.
Isotope-labeled adenovirus
35S-labeled adenovirus was prepared in A549 and 293
cells, as described by Greber et al. (1993), with minor
modifications. The two cell lines were grown to mono-
layers with about 1.5 million cells in a 25-cm2 bottle. An
amount of 3.3 g of virions for Ad11p, Ad4, Ad5v, and
Ad5p and 333 g of Ad5v virion was inoculated and the
cells were incubated in 2.5 ml of DMEM (ICN Biomedi-
cals, Inc., Aurora, OH) per bottle for 90 min at 37°C.
Unbound virions were washed off and cells were incu-
bated in 2.5 ml DMEM/bottle containing 5% FCS for 20 h.
The cells were then washed once with methionine/cys-
teine-free DMEM and grown in 2.5 ml of the same me-
dium with 5% FCS for 2 h at 37°C to deplete endogenous
methionine and cysteine. Cells were then labeled with
0.35 mCi/bottle of tran[35S]-label methionine and cysteine
(ICN Pharmaceuticals Inc., Irvine, CA) for 1 h, whereafter
4 mM unlabeled cysteine was added and cells were
continuously grown for another 4 h. Then, 2 mM unla-
beled methionine was added. After labeling for 24 h, both
unlabeled 4 mM cysteine and 2 mM methionine were
added. The virus-infected cells were harvested after 72 h
p.i. and the cells were washed twice with Tris buffer.
Finally, the cell pellet was dissolved in 100 l of the same
buffer. The equivalents of 150,000 cells were loaded on
each SDS–PAGE slot.
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